Abstract. Anthocyanins are protective pigments that accumulate in plant organs such as fruits and leaves, and are nutritionally valuable components of the human diet. There is thus considerable interest in the factors that regulate synthesis. Malus crabapple leaves are rich sources of these compounds, and in this study we analyzed leaf coloration, anthocyanin levels, and the expression levels of anthocyanin biosynthetic and regulatory genes in three crabapple cultivars (Royalty, Prairifire, and Flame) following various temperature treatments. We found that low temperatures (LTs) promoted anthocyanin accumulation in 'Royalty' and 'Prairifire', leading to red leaves, but not in 'Flame', which accumulated abundant colorless flavonols and retained green colored leaves. Quantitative reverse transcript PCR (RT-PCR) analyses indicated that the expression of several anthocyanin biosynthetic genes was induced by LTs, as were members of the R2R3-MYB, basic helix-loop-helix (bHLH) and WD40 transcription factor families that are thought to act in a complex. We propose that anthocyanin biosynthesis is differentially regulated in the three cultivars by LTs via the expression of members of this anthocyanin regulatory complex.
Flavonoids are generated via a branched biosynthetic pathway that yields both colorless compounds (e.g., flavonols) and colored pigments, such as anthocyanins, polymeric phlobaphenes, and proanthocyanidins (Koes et al., 2005) . Flavonoids accumulate in all organs and tissues, although their concentrations are regulated by development stage and the environmental conditions (Hichri et al., 2011) . Moreover, as they have antioxidant activities that can help prevent cancer, as well as cardiovascular and neurodegenerative diseases, they are therefore beneficial to human health (Boudet, 2007; Martin, 2013) . Consequently, the flavonoid biosynthetic pathway leading to anthocyanins via the phenylpropanoid pathway has been extensively investigated and it has been shown qualitatively (Winkel-Shirley, 2001 ) that the profile of specific anthocyanins in an organ varies between species/varieties, whereas environmental factors influence their concentrations (Moreau et al., 2012; Pfeiffer et al., 2006; Rowan et al., 2009) .
The regulation of the expression of structural genes involved in anthocyanin synthesis appears to be tightly spatially and temporally controlled during plant development, and involves a ternary complex of transcription factors (TFs) from the R2R3-MYB, bHLH, and WD40 classes (Hichri et al., 2011) . The MYB/bHLH/WDR (MBW) complex is thought to recognize and bind to response elements in promoter regions of the late biosynthetic genes (LBGs) of the anthocyanin pathway, thereby promoting anthocyanin production (Baudry et al., 2004) . Ternary complexes have been identified in monocots and dicotyledonous plants species (Feller et al., 2011) . Several studies have also described the flavonoid biosynthetic pathway in Malus crabapple ( Fig. 1) , which accumulates high levels of anthocyanins in its leaves and flowers (Deluc, 2006; Henry-Kirk et al., 2012; Schaart et al., 2013) . Indeed, crabapple leaves are used as a raw material for the extraction of antioxidants for use as food additives (Tian et al., 2011) and crabapple leaf tea is a popular health beverage in many parts of Asia. Anthocyanin accumulation in Malus crabapple leaves has been shown to be controlled by the regulation of the flavonoid/ anthocyanin biosynthesis by the MBW complex in response to environmental pH values . Moreover, anthocyanin biosynthesis can also be accelerated by high light levels, LTs, or both. In late autumn, mature Malus crabapple fruits turn red and leaves ''blush'' before undergoing abscission. In apple (Malus domestica), the expression of MYB activator genes, especially MdMYB10, is downregulated in fruits grown under natural or artificially hot conditions compared with fruits grown under temperate conditions (Lin-Wang et al., 2011) . In addition, viral vector-mediated MdbHLH3 overexpression was shown to promote red pigmentation in apple fruits, and this phenomenon was further enhanced by LT conditions (Xie et al., 2012) . Previous studies of the MBW complex have revealed the expression of complex members, specifically bHLHs and MYBs, is modulated by temperature, suggesting a role for the MBW regulatory complex in environmentally influenced anthocyanins production (Xie et al., 2012) . However, most of these studies have involved fruits and the molecular mechanisms that govern anthocyanins accumulation in response to temperature changes in leaves remain unknown.
Although only one gene, McMYB10, has been shown to regulate anthocyanin biosynthesis in Malus crabapple (Jiang et al., 2014) , it has been established that the formation and accumulation of anthocyanins in Malus crabapple leaves is affected by pH environmental factor . With the increased mean global temperatures, plant color variation is attracting more and more Fig. 1 attention and research. In this current study, we investigated how temperature affects the content of flavonoids, and especially anthocyanins, in the leaves of Malus crabapple cultivars in response to different temperature treatments. Three typical crabapple cultivars were chosen based on different leaf coloration patterns. The two extreme color cultivars, Royalty and Flame, have purple and green leaves, respectively, whereas the cultivar Radiant has red young leaves and green mature leaves. The involvement of LTs in the induction of anthocyanin accumulation is discussed in different crabapple cultivars.
Materials and Methods
Plant materials and experimental treatments. Tissue culture plantlets of the Malus crabapple cultivars Flame (both young and mature leaves are green), Prairifire (young leaves are orange to red and mature leaves are green), and Royalty (both young and mature leaves are red to purple in color) were preserved at the tissue culture center at the Beijing University of Agriculture. Culture conditions were as follows: temperature 23 ± 2°C, humidity 60% to 70%, light intensity 1800-2000 lx with a 16-h light/8-h dark cycle. The buds of these three cultivars were cultured on Murashige and Skoog (MS) medium supplemented with 2.2 mM 6-benzylaminopurine (6-BA) and 0.5 mM 1-naphthaleneacetic acid (NAA) for 30 d to induce leaf reproduction before temperature treatments. Temperature treatments involved 30 d leaves to 30°C or 16°C for 4 or 8 d, after which leaves were frozen in liquid nitrogen and stored at -80°C until further use.
Measurement of flavonoid concentration and leaf color. Quantification of pigments was performed by high-performance liquid chromatography (HPLC). The color variables of each crabapple leaf sample were measured immediately after harvest. L*, a*, and b* values were measured randomly from the upper leaf surface using a Konica Minolta CR-400 Chroma Meter (Minolta, Japan). Flavonoid concentration and leaf color were measured as previously described .
Cloning and sequence analysis of fulllength McbHLH3, McbHLH33, and McTTG1 cDNAs. Total RNA was isolated from young leaves of 'Royalty' using a guanidine thiocyanate solution (Chomczynski and Sacchi, 2006) . cDNAs were prepared from 1 mg of total RNA using Reverse Transcriptase M-MLV First cDNA Synthesis Kit (Takara, Japan) and the targeted specific cDNAs, amplified by PCR using the primers listed in Table 1 , were cloned into the pMD-19 vector (Takara, Japan) for sequencing. The PCR conditions were 5 min at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at 60°C, and 2 min at 72°C, followed by 7 min at 72°C. Comparison and analysis of the sequences were performed using the advanced basic local alignment search tool (BLAST) at the National Center for Biotechnological Information (http://www.ncbi. nlm.nih.gov). The full-length DNA and protein sequences were aligned using DANMAN 5.2.2 (Lynnon Biosoft, San Francisco, CA). Phylogenetic and molecular evolutionary analyses were conducted with MEGA version 4.0, using a minimum evolution phylogeny test with a 1000 bootstrap replicates (Kumar et al., 2004) .
Real-time quantitative PCR expression analysis. Total leaf RNA was extracted using an RNA extract kit (Aidlab, Beijing, China) according to the manufacturer's instructions. DNase I (Takara, Japan) was added to remove genomic DNA, and the samples were then subjected to cDNA synthesis using the Access RT-PCR System (Promega, Madison, WI) according to the manufacturer's instructions. The expression levels of anthocyanin biosynthetic genes and TFs were analyzed using quantitative real-time PCR (RT-qPCR) with SYBR Green qPCR Mix (Takara, Japan) and the Bio-Rad CFX96 Real-Time PCR System (BIO-RAD, Houston, TX), according to the manufacturer's instructions. Primers were designed using NCBI Primer BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast) and are listed in Table 1 . qPCR analysis was carried out in a total volume of 20 mL containing 9 mL of 2 · SYBR Green qPCR Mix (Takara, Japan), 0.1 mM specific primers (each), and 100 ng of template cDNA. The reaction mixtures were heated to 95°C for 30 s, followed by 39 cycles at 95°C for 10 s, 59°C for 15 s, and 72°C for 30 s. A melting curve was generated for each sample at the end of each run to ensure the purity of the amplified products. Transcript levels were determined by relative quantification 
using the Malus 18S ribosomal RNA gene as the internal control using the 2 (-ΔΔCt) method. The final data presented here represent the averages of at least two technical and three biological replicates.
Statistical analysis. All data were analyzed using one-way analysis of variance (ANOVA) followed by Duncan's SSR test (shortest significant ranges) to compare differences among the experimental sites at P < 0.05 [Microsoft Excel 2003 and Data Processing System (DPS) software 7.05].
Results
Effect of temperature on foliage coloration. As shown in Figure 2A , a visible red color appeared on the entire upper surface of 'Royalty' leaves after 4 d of LT treatment at 16°C, and this became a deeper red color after 8 d. In contrast, red coloration was only visible on the upper portion of the leaves of 'Prairifire', even after 8 d of LT treatment, whereas no red color was observed in leaves of the crabapple cultivar Flame after the different temperature treatments.
The variations in leaf color during different temperature treatments were quantified using color index for red grape (CIRG) values, and an increase with time was observed under LT conditions (16°C) in 'Royalty' and 'Prairifire' (Fig. 2B ). Although the leaf color of 'Royalty' changed from green to red after 4 d, the leaf color of 'Prairifire' exhibited this change only after 8 d of LT treatment (Fig. 2A) . The CIRG values of 'Flame' were relatively low level compared with the other two cultivars (Fig. 2B) .
We then measured flavonoid composition and accumulation in leaves of the three different cultivars after exposure to different temperatures by HPLC (Fig. 2C) . Low temperatures induced and high temperature repressed anthocyanin accumulation in the leaves of 'Royalty', where concentrations were notably higher than that in the other two cultivars. The change of anthocyanin accumulation in the leaves of 'Prairifire' showed a similar trend to 'Royalty', but the abundance of anthocyanin was significantly lower, whereas anthocyanins were undetectable in 'Flame' leaves. The concentration of flavonol in 'Flame' also decreased slightly with LT treatments, which is consistent with the variation trend of anthocyanin accumulation in 'Royalty'. Low temperature conditions resulted in higher levels of flavones in all three cultivars, with a pattern among the cultivars similar to that of anthocyanins, although the levels were lower than those of anthocyanins and flavonol. Taken together, these results suggest that temperature can trigger pigmentation variations, which correlate with a variation in flavonoid component.
Cloning (Fig. 3) . N-terminal domains Heim et al., 2003) . Phylogenetic analyses showed that each of the three predicted proteins from crabapple clusters on the same branch as the corresponding homolog from domesticated apple, suggesting that they may have similar functions in regulating anthocyanin biosynthesis (Fig. 4) . Relative expression of anthocyanin biosynthetic genes under LT condition. To correlate leaf color with potential molecular mechanisms that mediate anthocyanin formation, the levels of transcripts encoding eight anthocyanin biosynthetic genes in Figure 1 were compared in the three cultivars using real-time qPCR. The transcript levels of the key anthocyanin biosynthetic genes McCHS, McF3H, and McDFR were consistent with the observed anthocyanin accumulation, with the highest transcript levels being present in 'Royalty' after 8 d at 16°C. We also noted a correlation between the expression of McF3#H and flavonol accumulation ( Fig. 5A and B) .
We observed that the transcript abundance of McCHS, McF3H, and McDFR increased in response to LT, and we propose that the high expression levels of these biosynthesis genes in 'Royalty' and 'Prairifire' may be responsible for the deep red color formation. However, as flavonol is the main flavonoid compound in 'Flame', and the expression of McF3#H decreases in 'Flame' under LTs, this gene may be responsible for flavonol production (Figs. 2C and 5A).
Relative expression of anthocyaninregulated transcription factors under LT condition. To investigate the molecular regulatory mechanisms, and specifically the involvement of MBW complex, in the LT induction of anthocyanin accumulation, the transcript levels of four TFs (McMYB10, McbHLH3, McbHLH33, and McTTG1) were assessed using real-time qPCR. The expression of all four genes increased over the course of the LT treatment in 'Royalty' and 'Prairifire', a trend that generally mirrors the patterns of anthocyanin abundance in these two cultivars. Interestingly, the expression of McbHLH3, McbHLH33, and McTTG1 was higher in 'Flame' when the treatment temperature was 16°C, and the pattern of McMYB10 transcript abundance was similar to that of the flavonol content in 'Flame' leaves. To conclude, the expression patterns of McMYB10, McbHLH3, McbHLH33, and McTTG1, and specially McbHLH3, support their proposed involvement in mediating the upregulation of anthocyanin biosynthesis in response to LTs (Fig. 5C) .
A relative analysis revealed a correlation between anthocyanin biosynthetic genes and anthocyanin-regulated TFs (Tables 2-4 
Discussion
Low temperature induces red pigment in foliage. Anthocyanins are beneficial for human health and there is great interest in developing strategies to increase their production in crops, and in understanding the factors that control their biosynthesis. Anthocyanin accumulation is developmentally controlled and is also affected by both biotic and abiotic factors, such as nutrients (nitrogen and phosphate), sucrose, wounding, pathogen infection, methyl jasmonate, water stress, and pH, as well as ultraviolet, visible, and far-red light (Chalker-Scott, 1999; Dixon and Paiva 1995; Li et al., 1993) . Temperature has also been reported to influence anthocyanin biosynthesis in many plant species, such as petunia (Petunia hybrida), rose (Rosa hybrida), red orange [Citrus sinensis (L.) Osbeck], grape [Vitis vinifera (L.) cv. Cabernet Sauvignon] and garlic (Allium sativum) (Dela et al., 2003; Lo Piero et al., 2005; Mori et al., 2007; Shvarts et al., 1997) . In Arabidopsis thaliana, anthocyanin production is induced by LTs and reduced by high temperatures (Leyva et al., 1995; Rowan et al., 2009) , whereas in apple, high temperatures have been shown to prevent the accumulation of cyanidin and UDP-sugars (Ban et al., 2009 ), resulting in a rapid reduction in anthocyanin levels (Steyn et al., 2004) . In garlic (Allium sativum), LT conditions increase the synthesis of anthocyanins in the outer scale leaves of the bulbs at harvest time and this is preceded by an increase in the expression of putative phenylalanine ammonia lyase and uridine diphosphate glucose (UDPG)-flavonoid glucosyl transferase genes (Dufoo-Hurtado et al., 2013) .
The LT (16°C) treatment increased the anthocyanin accumulation in the leaves of the 'Royalty' and 'Prairifire' cultivars and the levels on day 8 were almost double to those on day 4 (Fig. 2C) . Anthocyanins and flavones were present at significantly lower concentrations, or were not detectable, in 'Flame' leaves compared with those of the other two cultivars. Previously results showed a 23-bp repeat motif in the upstream regulatory region of alleles of MdMYB10 found only in red-fleshed apples (Espley et al., 2009) , and the repeat motif was also found in crabapple (Tian et al., 2015) , leading us to hypothesize that the anthocyanins accumulation of LT responses required the important cis-element in McMYB10 promoter. Flavonols play a role in protection against ultraviolet radiation and other environment stress in plants (Li et al., 1993) . The flavonol content in 'Royalty' and 'Prairifire' cultivars increased following the LT treatment, indicating that flavonols may be involved in cold resistance processes in crabapple (Fig.  2C) . Moreover, we deduced that the increased flavonol may be tolerant to chilling in these color-leafed crabapple cultivars. As global warming progresses, temperature plays a modulating role and triggers the visible progress of phenology, such as leaf coloration, in many species (K€ orner and Basler, 2010) . Previous studies have shown that leaf coloration in Japanese maple has been markedly delayed as a consequence of global warming over the past half century (Ib añez et al., 2010) . In Europe and Japan, leaf color changes have shown a delay of 0.3-1.6 d per decade, whereas the length of growing season has increased by up to 3.6 d per decade over the past 50 years (Matsumoto et al., 2003; Menzel 2000; Menzel and Fabian 1999) . All these plant phenological changes are highly correlated with temperature changes. So we conclude that LTs are important in crabapple leaf color development, and in the context of urban landscaping, this species may be more appropriate for use in the north hemisphere that experiences lower temperatures.
Low temperature promotes the expressions of anthocyanin biosynthesis genes. Many aspects of anthocyanin biosynthesis and its regulation have been studied (Allan et al., 2008) and it has been shown that phenylalanine ammonium lyase-1 (PAL) and chalcone synthase (CHS) mRNAs accumulate in a lightdependent manner in Arabidopsis thaliana leaves when exposed to LT (Leyva et al., 1995) . In red orange, anthocyanins accumulate in vesicles and the expression of PAL, CHS, dihydroflavonol 4-reductase (DFR), and UDPG-flavonoid 3-O-glucosyl transferase (UFGT) is strongly induced when stored at 4°C (Lo-Piero et al., 2005) . Similarly, in apple (Malus domestica), the expression of CHS, anthocyanidin synthase (ANS), and UFGT was reported to be enhanced along with the accumulation of anthocyanins in the fruit skin following LT treatments (Ubi et al., 2006) . We note that our results showed some differences from previous studies. Specifically, the expression data suggest that early anthocyanin biosynthetic genes (McCHS, McF3H, and McDFR) are involved in the low-temperature induction of anthocyanin biosynthesis in crabapple leaves and contribute to the elevation in leaf anthocyanin levels. In contrast, the expression patterns of McANS and McUFGT suggest no such association with anthocyanin accumulation in response to LT treatments. This result distinguishes crabapple leaves from previous studies of other species and organs. Meanwhile, in our previous study, low environmental pH values are able to promote anthocyanins accumulation in colored-leaves crabapple cultivars by activating the expression of late anthocyanin biosynthetic genes (McANS and McUFGT). Thus, we speculate that the altered soil environment can trigger red foliage coloration by activating different stage of anthocyanin biosynthetic genes. Upregulation of the anthocyanins pathway via an increased expression level of transcriptional activation complex. In our study, the expression of McMYB10, McbHLH3, McbHLH33, and McTTG1 was induced in crabapple leaves by the LT treatments, consistent with the observed increase in anthocyanin content ( Figs. 2 and 5C ; Tables 2-4). In apple, the expression of MdMYB10 was reported to be downregulated in fruits grown under natural or artificial hot temperate conditions (Lin-Wang et al., 2011) . Moreover, it was shown that higher temperatures reduced MdbHLH3 and MbHLH33 expression (Espley et al., 2007) , whereas MdbHLH300, but not MdbHLH3 or MdbHLH33, were downregulated in fruits grown in a hot climate compared with those cultivated in a temperate climate (Lin-Wang et al., 2011) . Other results have also indicated that MdbHLH3 expression is also induced by LTs at both the transcriptional and translational levels (Xie et al., 2012) . The results presented here provide additional evidence that the MBW complex is involved in responses to environmental factors.
Interestingly, McbHLH3, McbHLH33, and McTTG1 were expressed at almost the same level in the green-leaf cultivar Flame and the red-leaf cultivar Royalty under LTs, but anthocyanins content were not detectable in 'Flame' leaves. We propose that these three TFs are responsible for the biosynthesis of flavonol in the green-leaf cultivar, in accordance with the observation that flavonol levels do not change during the early stage of the LT treatment in 'Flame'. In addition, the lower expression level of McMYB10 in 'Flame' may explain why the green-leaf cultivars did not produce anthocyanins at 16°C (Fig. 5C ). The regulation of anthocyanins accumulation under LT through the alteration of the expression of members of the MBW complex may be caused by several processes. There may be direct temperature-induced changes in activity of the promoter of MYB10 (Espley et al., 2009) , or the MBW complex may be a downstream component of the cold signaling pathway. It was recently hypothesized that plants recruit the MBW complex to regulate anthocyanins' biosynthesis in response to environmental temperatures not only at the transcriptional and translational levels but also at the posttranslational level (Xie et al., 2012) .
Conclusion
Anthocyanins are effective and widespread protection factors in plants, and are beneficial to human health, as well as endowing plants with an attractive color, which is of commercial importance (Davies et al., 2003) . Our results indicate that the MBW complex plays a key role in the regulation of anthocyanin biosynthesis under LT (Fig. 6) . Moreover, we suggest that this information may be used to help optimize anthocyanin content or improve organ coloration in response to environmental temperatures, particularly in the context of global warming. 
